Metaettringite was prepared by heat treatment of ettringite, and its boron removal performance from solutions at low concentrations (25 mg/L boron (mg-B/L)) was investigated. With a calcination temperature of > 65 C, amorphous metaettringite formed, and this showed better boron removal performance than ettringite. The dominant mechanism for boron removal by metaettringite was incorporation of B(OH) 4 − in the ettringite structure during its regeneration from metaettringite by hydration. The highest uptake was 15.1 mg of boron per gram of metaettringite. Boron in solution could be effectively removed by metaettringite over a wide initial pH range of 5.22 to 11. Residual boron concentrations were lower than those speci ed by the Japanese ef uent standard (10 mg-B/L) even when using metaettringite with a large particle size. Boron removal was strongly suppressed by high temperatures, but a residual boron concentration lower than 10 mg-B/L was obtained when the mass concentration of adsorbent in the boron solution was increased.
Introduction
Boron is an essential micronutrient in living organisms, but excess boron can cause toxic effects. Currently, boron compounds are important materials in many industries, and discharge of this boron into the environment must be controlled to avoid adverse effects on aquatic organisms. Consequently, boron removal from water has received much attention. Recent reviews [1] [2] [3] have detailed the various physicochemical methods that have been investigated to remove boron from wastewater, including coagulation, sedimentation, adsorption, chelation and ion exchange resins, and membrane separation. Among the boron separation processes, removal with solid sorbents [4] [5] [6] [7] is advantageous over other methods in terms of the overall simplicity of the process. However, most sorbents are too expensive for largescale ef uent treatment. Therefore, inexpensive materials for boron removal need to be developed to reduce the overall cost of treatment of wastewater containing boron.
Metaettringite is the thermal dehydration product of ettringite (Ca 6 [8] [9] [10] [11] or F − . 12) However, the uptake rates of anions in this process are generally low. In a preliminary study 13) , we con rmed that thermal treatment of ettringite to generate metaettringite resulted in enhancement of the boron uptake rate. The elements in ettringite are ubiquitous, and it can be easily synthesized by mixing calcium hydroxide [Ca(OH) 2 ] and aluminum sulfate [Al 2 (SO 4 ) 3 ] in solution. Metaettringite can be obtained by heating ettringite at a relatively low temperature. Thus, it would be of great industrial signi cance if metaettringite could be used for boron removal.
Here, we describe the preparation of metaettringite powder and its performance for the removal of boron from solution at a low concentration (25 mg/L boron (mg-B/L)).
Experimental

Preparation of ettringite and metaettringite
Ettringite powder was synthesized as follows. A saturated solution of calcium sulfate was prepared by mixing CaSO 4 ·2H 2 O (purity 98%, Wako Pure Chemical Industries, Osaka, Japan) and distilled water. The saturated solution (100 mL) was ltered through a syringe lter (pore size: 0.45 µm) and heated to 80 C in a plastic beaker (volume: 500 mL) in a water bath. Ca(OH) 2 (0.06 mol, purity 96.0%, Wako Pure Chemical Industries) and Al 2 (SO 4 ) 3 (0.01 mol, 85.0%, Wako Pure Chemical Industries) were each dissolved in 100 mL of distilled water. The main impurity in Al 2 (SO 4 ) 3 was water, and the amount of impurities was taken into account when preparing the solution. The Ca(OH) 2 solution (100 mL) and Al 2 (SO 4 ) 3 solution (100 mL) were poured into a beaker with the 100 mL of CaSO 4 ·2H 2 O solution, and then the total volume was adjusted to 500 mL with distilled water. The mixture was then stirred for 4 h at 80 C. The ettringite slurry generated was ltered by pressure ltration through a membrane (pore size: 3 µm), and washed thoroughly with distilled water. Finally, the solids were dried in a freeze dryer overnight, and then crushed with a muddler. The drying and crushing procedures were repeated to obtain dry samples. Generation of the ettringite phase was determined by X-ray diffraction (XRD; RINT2000, Rigaku, Tokyo, Japan). For the XRD measurements, the voltage and current for X-ray generation were 40 kV and 30 mA, respectively. The 2θ range was 5 -60 , the step size was 0.02 , and the scan speed was 1.5 /min. The dehydration of ettringite to metaettringite was investigated by thermogravimetric analysis (Thermo plus Evo, Rigaku). Thermogravimetric analysis was conducted from room temperature to 1000 C, with a heating rate of 10 C/min, and under an argon atmosphere.
Metaettringite was then prepared by calcination of ettring-ite at different temperatures for 72 h. The particle sizes of the ettringite and metaettringite samples were adjusted by sieving. Observation of the surfaces of the obtained samples was carried out with a scanning electron microscope (SEM; VE-9800, Keyence, Osaka, Japan). The prepared ettringite and metaettringite samples were dissolved in acid, and the concentrations of Ca, Al, and S were determined by inductively coupled plasma atomic emission spectrometry (Spectro Arcos, Ametek Co. Ltd., Tokyo, Japan).
Boron removal experiments
An aqueous solution of boric acid was prepared from reagent-grade boric acid (purity 99.5%, Wako Pure Chemical Industries) and distilled water. The pH of the solution was adjusted by adding an aqueous sodium hydroxide (NaOH) solution. The prepared ettringite or metaettringite was added to the boron solution (500 mL) in a TPX beaker (methylpentene polymer, volume = 500 mL), and the solution was stirred with a magnetic stirrer at 400 rpm. The initial boron concentration in the solution was set at 25 mg-B/L to re ect the boron concentrations typically found in mine wastewater in Japan. This value is higher than the Japanese ef uent standard of 10 mg-B/L (Water Quality Pollution Control Act of Japan, 2011). The boron removal experiments were continued for up to 2 h. To evaluate the performance of metaettringite for boron removal, the apparent sorption isotherm was measured. In this case, the initial boron concentration was varied between 10 and 1000 mg-B/L. The solution temperature was set to 10, 23, or 50 C. The solution temperature was regulated by controlling the atmospheric temperature for the 10 and 23 C experiments, and with a water bath for the 50 C and 70 C experiments. The mass of metaettringite or ettringite adsorbent added to the boron solution was varied between 5 and 10 g (mass concentration of adsorbent 10-20 g/L). Metaettringite and ettringite with different particle diameter distributions (53-106, 106-212, and 250-500 µm) were used. The initial pH of the solution was varied in the range 5.22-11. The pH was periodically measured with a pH meter (AUT-701, TOA DKK, Tokyo, Japan). The solutions were periodically sampled through a 0.45 µm cellulose lter, and the concentrations of B, Ca, Al, and S in the samples were determined by inductively coupled plasma atomic emission spectrometry (Spectro Arcos, Ametek Co. Ltd.). After each boron removal experiment, the solid was recovered from the solution by ltration through lter paper, and the retained solid was dried under atmospheric conditions for 24 h. The dried samples were analyzed by XRD. A solid-state high-resolution nuclear magnetic resonance spectrometer (Avance 600, Bruker Biospin K.K., Yokohama, Japan) was used to determine the coordination number of boron in the ettringite. Figure 1 shows XRD patterns of the synthesized ettringite and metaettringite samples calcined at different temperatures. The XRD pattern of the ettringite sample con rmed that it was highly crystalline and single-phase ettringite (ICDD entry 075-7554, largest peak position 9.09 ). The XRD patterns of the samples calcined at <60 C showed the same pattern as non-treated ettringite. However, for samples heat-treated at ≥65 C, the ettringite peaks were not present. This indicates that amorphous metaettringite was formed at ≥65 C. The behavior of ettringite on heating agreed with that observed in earlier reports [14] [15] [16] [17] [18] . The XRD pattern of the metaettringite sample prepared by thermal treatment of ettringite at 200 C ( Fig. 1(f) ) contained small peaks that could be assigned to bassanite (CaSO 4 ·0.5H 2 O) (ICDD entry 083-0439, largest peak position 14.74 ). Figure 2 shows the dehydration curve of ettringite as a function of temperature. In the gure, the initial number of water molecules per molar mass of ettringite was assumed to be 32, according to the literature 19) . Water molecules in the ettringite structure were rapidly removed at temperatures up to 100 C, and then the number of water molecules per molar mass gradually decreased. The dehydration and rehydration of ettringite has been investigated previously.
Results and Discussion
Preparation of ettringite and metaettringite
14-18) Moore and Taylor (1970) 19) classi ed the 32 water molecules in ettringite into the following four groups: (I) two water molecules in intercolumn channels; (II-a) 12 water molecules at the additional vertices of the trigonal prisms; (II-b) 12 water molecules at the main vertices of the trigonal prisms; and (III) six water molecules in hydroxyl form in the Al and Ca polyhedra of the columns. After calcination at 60 C and 65 C, the numbers of water molecules remaining in the ettringite structure were estimated to be 22.7 and 18.5 per molar mass, respectively. It appeared that the water molecules in the rst two groups (I and II-a) were thermally removed from the ettringite structure at <65 C, and this resulted in formation of amorphous metaettringite. However, in ection points were not observed in the thermogravimetric plots near 65 C, although the XRD patterns showed drastic structural changes. The water mass fractions in ettringite structures with 32, 18, and 6 water molecules were calculated at 45.9, 32.3, and 13.7%, respectively. These gures show that dehydration of ettringite results in large mass decreases, and vice versa. Table 1 shows the elemental compositions of the prepared ettringite and metaettringite (ettringite heated at 200 C). The contents of calcium, aluminum, and sulfur in ettringite were lower than those in metaettringite, and this could be attributed to the removal of water molecules during heat treatment. From these values, the molar ratios of Ca:Al:S in the prepared materials were calculated to be 6.0:1.9:2.9 for ettringite and 6.0:1.9:3.0 for metaettringite. These values are in good agreement with the molar ratio of 6:2:3 in the ettringite and metaettringite structure. Figure 3 shows typical SEM images of ettringite and the thermally treated powders. Characteristic needle-shaped primary particles were observed for ettringite, and the ettringite powder contained secondary particles consisting of agglomerated needle-shaped ettringite crystals ( Fig. 3(a) ). The basic particle shape did not change after thermal treatment. The needle-shaped metaettringite was probably formed by heat treatment, as described in the literature.
18) However, it should be noted that the particle shapes of the samples can be affected by vacuum applied during the observation.
3.2 Boron removal performance of ettringite and metaettringite 3.2.1 In uence of temperature during metaettringite preparation Figure 4 shows changes in the boron concentration with time after ettringite and metaettringite samples prepared at different temperatures were added to the boron solution. The observed boron removal performance of the samples agreed with their structures shown in the XRD patterns (Fig. 1) . The ettringite samples thermally treated at <60 C showed very low boron removal performance. However, the ettring- ite samples thermally treated at >65 C showed good boron removal performance, and the residual boron concentrations were lower than the Japanese ef uent standard (uniform standard: 10 mg-B/L). It is reported that the ion exchange by metaettringite would occur in the intercolumn space inside the particle as well as the surface layer during recrystallization of metaettringite through hydration. Therefore, the borate adsorption amount of the metaettringite was much higher than the ettringite 13) . To determine the repeatability, we measured changes in the boron concentration with time in repeated experiments, and found that the relative standard deviation for the nal boron concentration was about 10%.
With a preparation temperature of >65 C, the boron removal performance of the prepared metaettringite slightly decreased with increasing preparation temperature. This could be attributed to decomposition of metaettringite and generation of gypsum. After addition of solid samples to the boron solution, the solution pH immediately increased and then leveled off at >10 in all cases. This occurred because of dissolution of ettringite or metaettringite and the associated release of hydroxyl ions in the Al and Ca polyhedra of the columns. Increases in calcium, aluminum, and sulfur concentrations were also observed because of the dissolution of ettringite or metaettringite.
In subsequent experiments, metaettringite prepared from ettringite by heat treatment at 200 C was used as a representative sample of metaettringite because of its stability against rehydration during storage. Hereafter, metaettringite refers to the material formed by heat treatment of ettringite at 200 C. Figure 5 shows XRD patterns of ettringite and metaettringite before and after boron removal. No signi cant differences were observed in the XRD patterns of ettringite before and after boron removal. Regeneration of the ettringite structure was clearly observed for the metaettringite sample after boron removal. This was also observed for metaettringite prepared at other temperatures. Metaettringite did not enhance boron removal through an equilibrium shift but through a kinetic effect. This is because the ettringite structure was regenerated from the metaettringite structure after contact with water, and the crystallinity of the regenerated ettringite after boron uptake was lower than that of the original ettringite. This could be because of boron uptake during the rehydration process.
The coordination number of boron in both ettringite and metaettringite after boron removal was con rmed to be four from measurements using a solid-state high-resolution nuclear magnetic resonance spectrometer (data not shown). Therefore, boron exists in the form of B(OH) 4 − in the ettringite structure. Thus, the dominant mechanism for boron removal by metaettringite is considered to be incorporation of B(OH) 4 − in the ettringite structure during regeneration of the ettringite structure from metaettringite by hydration. Table 2 shows the ratio of the amount of solid phase after boron removal to the initial feed amount for ettringite and the heat-treated ettringite samples. For ettringite, the amount of solid phase after boron removal decreased because of dissolution of ettringite into the boron solution. For the metaettringite samples, the amount of solid phase after boron removal increased because of the rehydration of metaettringite to form the ettringite structure. It should be noted that the experimental solution was just a boric acid solution, and mass increases caused by boron uptake, which were calculated from the decrease in the boron concentration, did not completely account for the observed mass increase. Any water could be easily removed by thermal treatment, and the mass would decrease.
Sorption isotherm for metaettringite
To evaluate the boron removal performance of metaettringite, the apparent sorption isotherm was measured by changing the initial boron concentration (Fig. 6) . It is important to mention that the enhanced boron removal by metaettringite arose from the kinetic effect (not an equilibrium shift). The amount of boron contained in the ettringite structure, which is relevant because metaettringite forms ettringite as boron is removed, increased with increasing residual boron concentration, and the highest observed boron uptake by metaettringite was 15.1 mg of boron per gram of metaettringite (mg-B/g-metaettringite) with a residual boron concentration of 363 mg-B/L in solution. Table 3 compares the boron removal capacity of metaettringite with recent literature data for other solid materials. The observed maximum boron capacity for the prepared metaettringite was within the range of the reported values.
In uence of pH
The pKa of boric acid in water at 25 C is 9.24 21) . Thus, the B(OH) 4 − anion is predominant at pH values >9.24, while the uncharged B(OH) 3 species is predominant at pH values <9.24. Conventional boron removal methods usually target B(OH) 4 − for removal. Thus, a high pH is required to remove boron. Figure 7 shows the boron removal performance of metaettringite with different initial solution pH values. Figure 8 shows changes in the solution pH with time during the experiment. The initial boron removal rate appeared to increase slightly with increasing initial solution pH, whereas the residual boron concentrations were almost the same. However, the solution pH immediately increased to about 10 after addition of metaettringite (Fig. 8) . Thus, it was dif cult to examine the in uence of the initial solution pH on boron removal by metaettringite. However, in practice, the initial solution pH did not strongly affect the overall boron removal performance of metaettringite. The pH increase was caused by partial dissolution of ettringite. However, the boron con- centration time courses were almost the same for all initial pH conditions, which indicated that the proportion of ettringite that dissolved was negligible. The observed difference in initial solution pH would re ect the initial concentration of B(OH) 4 − in the solution. It can be considered that the B(OH) 3 present at pH < 9.24 was rst converted to B(OH) 4 − as a result of the pH increase, and then recovered in the ettringite structure.
In uence of particle size
Both ettringite and metaettringite have high hydrophilicity, and both consist of ne needle-shaped primary particles. Enhancing the lterability and sedimentation properties is of great practical importance. Using coarse particles is one option to achieve this. Figure 9 shows the in uence of particle size on the boron removal performances of ettringite and metaettringite. When large particles (250-500 µm) were used for boron removal, the boron removal performance was slightly less than that obtained with small particles. The initial boron removal rate was not proportional to the surface area calculated assuming the particles were spherical. This is reasonable because ettringite and metaettringite are both agglomerated structures of small needle-shaped primary particles. The residual boron concentrations with metaettringite were still lower than the Japanese ef uent standard 22) . We also con rmed that the lterability of coarse particles was better than that of ne particles after boron uptake (data not shown). Figure 10 shows the in uence of solution temperature on the boron removal performance of ettringite and metaettringite. Figure 11 shows the time course for changes in the solution pH under different temperature conditions. The solution temperature did not signi cantly affect boron removal by ettringite in the temperature range from 10 to 50 C. By contrast, the boron removal performance of metaettringite decreased with increasing temperature, and at temperatures above 50 C, the residual boron concentration was higher than the Japanese standard. One reason for the lower boron removal performance by metaettringite at higher temperatures compared with lower temperatures may be differences in the proportion of B(OH) 4 − in solution. As mentioned before, the pKa of boric acid in water at 25 C is 9.24 21) , and the pKa usually decreases with increasing temperature. In our experiments, the nal solution pH values at 50 C and 70 C were about 9.9 and 9.5, respectively. Thus, B(OH) 4 − is the dominant species in solution for all experimental conditions, and differences in the proportion of B(OH) 4 − are not the main reason for inhibition of boron removal. We think that the ion exchange of SO 4 2− with B(OH) 4 − in the ettringite structure would likely be exothermic, and the boron removal performance would decrease with increases in the temperature. Therefore, decreasing the solution temperature would be an easy and effective countermeasure for the suppression of boron removal. 
In uence of solution temperature
Conclusions
Metaettringite powder was prepared, and its performance for the removal of boron from a low concentration solution (25 mg-B/L) was investigated. The target boron concentration and other parameters were determined taking into consideration the typical properties of mine wastewater in Japan. The in uences of temperature during metaettringite preparation, initial solution pH, particle size, and solution temperature on the boron removal performance were investigated. When the temperature during metaettringite preparation was >65 C, amorphous metaettringite formed, and this showed higher boron removal performance than ettringite. This conversion temperature is low enough that waste heat from industrial processes could be used for metaettringite preparation. The highest observed boron uptake by metaettringite was 15.1 mg-B/g-metaettringite with a residual boron concentration of 363 mg-B/L in solution. Boron in solution could be effectively removed by metaettringite under a wide range of initial pH values (5.22 to 11). Residual boron concentrations lower than the Japanese ef uent standard were attained even when using metaettringite with a large particle size. Strong suppression of boron removal by metaettringite was observed at a solution temperature above 50 C. Therefore, decreasing the solution temperature would be an easy and effective countermeasure for suppression of boron removal. However, increasing the mass concentration of solid adsorbent in the boron solution resulted in a residual boron concentration lower than the Japanese standard.
For practical usage, synthesis of metaettringite from inexpensive aluminum sources, such as alumina (Al 2 O 3 ), would reduce the cost of materials for boron removal, although the boron removal performance would be lower than that obtained with pure metaettringite. The use of ettringite from waste materials 6, 7, 23, 24) is also promising for boron removal from solution at low concentration.
